In this paper the production cross section pp → (γ, Z) → ν τντ γ + X in pp collisions at √ s = 8, 13, 14, 33 T eV is presented. Furthermore, we estimate bounds at the 95% C.L. on the dipole moments of the tau-neutrino using integrated luminosity of L = 20, 50, 100, 200, 500, 1000, 3000 f b −1 collected with the ATLAS detector at the LHC and we consider systematic uncertainties of δ sys = 0, 5, 10 %. It is shown that the process under consideration is a good prospect for probing the dipole moments of the tau-neutrino at the LHC.
I. INTRODUCTION
Due to remarkable advances in science and technology of accelerators [1, 2] , many experiments on elementary particle physics are being carried out to test the predictions of the Standard Model (SM) [3] [4] [5] . Many of these experiments are being performed at the present time in the Large Hadron Collider (LHC) at the TeV scale.
The physics program of the ATLAS collaboration at the LHC [6] contemplates the study of the hadroproduction of Z bosons associated with one or two photons. To carry out your study the ATLAS collaboration use L = 20.3 f b −1 of pp collisions collected with the detector operating at a center-of-mass energy of √ s = 8 T eV . For their analysis they use the decays Z/γ * → l + l − with l = (e − or µ) and Z → νν. The production channels studies are pp → l + l − γ + X and pp → l + l − γγ + X. Another important channels are pp → ννγ + X and pp → ννγγ + X. In all the production channels, the study is made with no restriction on the recoil system X (inclusive events) and by requiring that the system X have no central
jet (exclusive events).
A fundamental challenge of the particle physics community is to determine the Majorana or Dirac nature of the neutrino. For respond to this challenge, experimentalist are exploring different reactions where the Majorana nature may manifest [7] . About this topic, the study of neutrino magnetic moments is, in principle, a way to distinguish between Dirac and Majorana neutrinos since the Majorana neutrinos can only have flavor changing, transition magnetic moments while the Dirac neutrinos can only have flavor conserving one.
Another interesting topic contemplated by the ATLAS collaboration, is the study of the dipole moments of the neutrino through the processes pp → (γ, Z) → ννγ + X and pp → (γ, Z) → ννγγ + X, which have not been explored before in hadron colliders. In this regard, one of the most active fields in high-energy physics is the theoretical and experimental investigation of neutrino properties as well as of their interactions. The study of the physics of the neutrino is a powerful tool and contribute us precious information on the physics of the SM and provides a window on the new physics beyond the SM.
In Refs. [8, 9] the electromagnetic properties of the neutrinos were examined at the LHC via the processes pp → pγ * p → pννqX and pp → pγ * γ * p → pννp, respectively.
In the SM the neutrinos are massless particles of which theirs electromagnetic property are poorly known experimentally. In addition, the observation of neutrino oscillation shows the necessity of neutrino masses, which implies that the SM to be modified such that nontrivial electromagnetic structure of neutrino should be reconsidered [10] . In the minimal extension of the SM to incorporate the neutrino mass the anomalous magnetic moment (MM) of the neutrino is known to be developed in one loop calculation,
is the Bohr magneton [11, 12] , and the non-zero mass of the neutrino is essential to get a non-vanishing magnetic moment. Furthermore, the SM predict CP violation, which is necessary for the existence of the electric dipole moments (EDM) of a variety physical systems. The EDM provides a direct experimental probe of CP violation [13] [14] [15] , a feature of the SM and beyond SM physics. The signs of new physics can be analyzed by investigating the electromagnetic dipole moments of the tau neutrino, such as its MM and EDM.
Limits on the dipole moments of the tau-neutrino have been reported by different experiments at Borexino [16] , E872 (DONUT) [17] , CERN-WA-066 [18] , and at LEP [19] , these are summarized in Table I . Another limits on the MM and EDM of the tau-neutrino in different context are reported in the literature [8, 9, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Motivated for the physical program of the ATLAS collaboration with regard to the study on the dipole moments of the neutrino, in this paper we explore the possibility of probing the dipole moments of the tau-neutrino through the process pp → (γ, Z) → ν τντ γ + X for √ s = 8, 13, 14, 33 T eV . We use integrated luminosity of L = 20, 50, 100, 200, 500, 1000, 3000 f b
collected with the ATLAS detector at the LHC and we consider systematic uncertainties of δ sys = 0, 5, 10 %. All our study was carried out with a 95% confidence level (C. L.).
It is shown that the process under consideration is a good prospect for probing the dipole moments of the tau-neutrino at the LHC.
This paper is structured as follows. In Section II, we study the total cross section and the dipole moments of the tau-neutrino through the channel pp → (γ, Z) → ν τντ γ + X. Section III provides the conclusions.
The electromagnetic properties of any fermion appear in quantum field theory, through its interaction with the photon. In the present paper, we study the electromagnetic properties of a neutral fermion, such as the neutrino. For this purpose, we following a focusing as the performed in our previous works [20-24, 26, 27, 29-31, 34, 35] . Therefore, the most general expression for the vertex of interaction ν τντ γ is given by
where e is the charge of the electron, m ντ is the mass of the tau-neutrino, q µ is the photon momentum, and F 1,2,3,4 (q 2 ) are the electromagnetic form factors of the neutrino, corresponding to charge radius, magnetic moment (MM), electric dipole moment (EDM) and anapole moment (AM), respectively, at q 2 = 0 [10, 37, [41] [42] [43] [44] [45] . The form factors corresponding to charge radius and the anapole moment, are not considered in this paper.
In the SM minimally extended, the neutrino magnetic moment is given by µ ν ≃ 3.1 × 11, 12] . Current limits on these magnetic moments are several orders of magnitude larger, so that a magnetic moment close to these limits would indicate a window for probing effects induced by new physics beyond the SM [46] . Similarly, a neutrino electric dipole moment will also point to new physics and will be of relevance in astrophysics and cosmology, as well as terrestrial neutrino experiments [47] . In the case of the magnetic moment of the ν e the best bound is derived from globular cluster red giants energy loss [48] ,
is far from the SM value. From the experimental side of view, the best current laboratory bound µ νe < 2.9 × 10
is obtained inν e − e − elastic scattering experiment GEMMA [49] , which is an order of magnitude larger than the constraint obtained in astrophysics [48] .
For the magnetic moment of the muon-neutrino the current best limit has been obtained in the LSND experiment [50] µ νµ ≤ 6.8 × 10
In the case of the electric dipole moment d νe,νµ [51] the best limits are:
Therefore, in general, it is worth investigating in deeper way tau-neutrino properties because their bounds are less restrictive. These neutrinos correspond to the more massive third generation of leptons and possibly possess the largest mass and the largest magnetic and electric dipole moments.
A. pp → ν τντ γ + X cross section beyond the SM
We study the process of simple production of photon in association with a pairs of massive neutrinos that could be observed at the LHC, the schematic diagram is given in Fig. 1 . The double production of ν τ may take place due the reaction
where X is a nondetecting hadron state. The Feynman diagrams of the subprocess
are shown in Fig. 2 . The subprocess→ ν τντ γ is described by 8 tree-level Feynman diagrams containing effective ν τντ γ coupling. In calculations, we have taken into account subprocess→ ν τντ γ (q,q = u,ū, d,d, s,s, c,c). The b quarks distribution is not included in the calculations because its contribution is too small.
The analytical expression for the amplitude square is quite lengthy so we do not present it here. Instead, we present numerical fit functions for the total cross sections with respect to center-of-mass energy and in terms of the form factors F 2 and F 3 .
• For √ s = 8 T eV .
σ(F 2 ) = (7.647 × 10 11 )F 
• For √ s = 14 T eV . 
In the expressions for the total cross section (8)- (11), the coefficients of F 2 (F 3 ) given the anomalous contribution, while the independent terms of F 2 (F 3 ) correspond to the cross section at F 2 = F 3 = 0 and represents the SM cross section magnitude.
B. Bounds on the anomalous couplings at the LHC
We have addressed a comprehensive study of the total cross section In addition, for our study we consider the CTEQ6L1 parton distribution functions (PDF)
[52] and we apply the following cuts to reduce the background and to optimize the signal sensitivity:
for the photon transverse energy (E γ T ), transverse momentum of the Z boson decaying to a neutrino pair (p (ν,ν) T ) and pseudorapidity (η γ ) which are reported in Ref. [6] by the ATLAS collaboration at the LHC. Furthermore, ours calculations are realized via the computer program CALCHEP 3.6.30 [53] , which can computate the Feynman diagrams, integrate over multiparticle phase space and event simulation at parton level.
The experimental systematic uncertainty on the ν τντ γ cross section measurement is the uncertainty in events with objects misidentified as photons. These events include jets fragmenting to photons and electrons.
The theoretical uncertainties that contribute to the extraction of the measured cross section arise from imprecise knowledge of parton density function, from the choice of QCD scales, of the electroweak corrections and of the systematic uncertainty related to the background from jets misidentified as photons. For a more detailed description on the uncertainties we suggest the reader consult Ref. [6] .
The systematic uncertainties for the collider, for the determination of the ννγ cross section, as well as for the magnetic moment and the electric dipole moment for E and |η γ | given in Eq. (12) is calculated using the following formulae [9, [54] [55] [56] :
where σ N P (F 2 , F 3 ) is the total cross section including contributions from the SM and new
is the statistical error, δ sys is the systematic error and N SM is the number of signal expected events N SM = L int × σ SM where L int is the integrated LHC luminosity. The total cross sections are presented as a function of F 2 or F 3 in Fig. 3 and Fig. 4 for the center-of-mass energies of √ s = 8, 13, 14, 33 T eV , respectively. The total cross sections
clearly show a strong dependence on the anomalous form factors F 2 and F 3 , as well as with the center-of-mass energy of the collider √ s.
The total cross sections of σ(pp → ν τντ γ + X) as function of the form factors F 2 and Table II and symmetry in others tables. This result can be explained as follows: interference terms between magnetic dipole moment and SM are small due to neutrino mass and causes little difference for 8 T eV center-of-mass energy especially. Increasing energies this difference is very small and can not be discerned from cross section values.
The allowed ranges for the anomalous magnetic moment µ ντ and the electric dipole We use the systematic uncertainties of δ sys = 0%, 5%, 10% because there are no studies related to the systematic uncertainties for the process pp → ν τντ γ + X at the LHC. These results are compared in Table I with the previous Borexino, E872, CERN-WA-066 and L3 results [16] [17] [18] [19] . Although our studies have less sensitivity on the anomalous magnetic moment than for Borexino, however with increase of energy and luminosity at the LHC our 
33 T eV and L = 100, 500, 1000, 3000 f b −1 at 95% C.L. through the process pp → ν τντ γ + X. 
III. SUMMARY
In this paper we have presented a calculation of the reaction pp → (γ, Z) → ν τντ γ + X for general ν τντ γ anomalous coupling. Furthermore, we have study the possibility that the reaction pp → (γ, Z) → ν τντ γ + X can be used for probing the anomalous magnetic moment and the electric dipole moment of the tau-neutrino at the LHC with good precise.
We find that the total cross section σ(pp → ν τντ γ + X), as well as the dipole moments are very sensitive to the parameters of the collider √ s and L as shown in Figs. 3-12 and in Tables II-V. In addition, for our study, we consider cuts on the E T , p T and η as shown in Eq. (12) to improve the sensitivity on the cross section and on the dipole moments. It is appropriate to mention that another interesting mechanism for studying the electromagnetic properties of the ν τ , is the process of production of a pair of neutrinos in association with two photons through the process pp → (γ, Z) → ν τντ γγ + X.
In conclusion, we have study the possible manifestation of the MM and the EDM of the tau-neutrino in collisions pp using the ATLAS detector at the LHC. The channel pp → (γ, Z) → ν τντ γ + X yields the most stringent limits on the µ ντ and d ντ set at a hadron collider to date: µ ντ = 1.474 × 10 −6 µ B and d ντ = 2.424 × 10 −17 ecm. This is roughly a factor of 2.23 improvement over the result published in Ref. [19] . 
